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ABSTRACT
We present an unbiased spectral line survey toward the Galactic Centre (GC) quiescent
giant molecular cloud (QGMC), G+0.693 using the GBT and IRAM 30 telescopes.
Our study highlights an extremely rich organic inventory of abundant amounts of
nitrogen (N)-bearing species in a source without signatures of star formation. We
report the detection of 17 N-bearing species in this source, of which 8 are complex
organic molecules (COMs). A comparison of the derived abundances relative to H2 is
made across various galactic and extragalactic environments. We conclude that the
unique chemistry in this source is likely to be dominated by low-velocity shocks with
X-rays/cosmic rays also playing an important role in the chemistry. Like previous
findings obtained for O-bearing molecules, our results for N-bearing species suggest a
more efficient hydrogenation of these species on dust grains in G+0.693 than in hot
cores in the Galactic disk, as a consequence of the low dust temperatures coupled with
energetic processing by X-ray/cosmic ray radiation in the GC.
Key words: Galaxy: centre – ISM: molecules – ISM: abundances –ISM: clouds
1 INTRODUCTION
In the past decades, interstellar molecules with increasing
complexity have received significant attention due to their
potential prebiotic relevance to the origin of life. These
molecules can also be used as tools to constrain the phys-
ical properties of the parental environment (Calcutt et al.
2014). Up to date, nearly 200 molecules have been detected
in the interstellar or circumstellar medium whilst about one
third of them are considered to be complex organic molecules
(COMs)1. In astrochemistry, COMs are generally referred to
carbon containing molecules with 6 or more atoms (Herbst
& Dishoeck 2009). Across various interstellar environments,
COMs are considered to be mainly associated with hot cores
(e.g. Sgr B2N; Hollis et al. 2000, 2002, 2006; Belloche et al.
? E-mail: z.shaoshan@qmul.ac.uk
1 https://www.astro.uni-koeln.de/cdms/molecules
2009, 2013, 2016; Halfen et al. 2011, 2015; Rivilla et al. 2017)
and hot corinos (e.g. IRAS 16293-2422; van Dishoeck et al.
1995; Bisschop et al. 2008; Caux et al. 2011; Kahane et al.
2013; Jorgensen et al. 2012; Jørgensen et al. 2016; Jaber
et al. 2014, 2017; Ligterink et al. 2017; Lykke et al. 2017;
Mart´ın-Dome´nech et al. 2017) i.e. the compact hot cocoons
associated with early stages of high- and low-mass star for-
mation respectively. Apart from these star-forming regions,
COMs are now routinely detected toward cold dark cloud
cores (e.g. TMC-1; Ohishi & Kaifu 1998; Marcelino et al.
2009; Gratier et al. 2016; Burkhardt et al. 2017; Cordiner
et al. 2017), prestellar cores (e.g. Barnard 1 (B1) and L1544;
Oberg et al. 2010; Bacmann et al. 2012; Jime´nez-Serra et al.
2016; Que´nard et al. 2017a; Vastel et al. 2014, 2016; Vastel
et al. 2018), molecular outflows (e.g. L1157; Arce et al. 2008;
Yamaguchi et al. 2011; Codella et al. 2009, 2017; Lefloch
et al. 2012, 2017; Mendoza et al. 2014; Mendoza et al. 2018),
and photo-dominated regions (PDR) (Gratier et al. 2013;
© 2018 The Authors
ar
X
iv
:1
80
4.
11
32
1v
2 
 [a
str
o-
ph
.G
A]
  3
0 M
ay
 20
18
2 S.Zeng et al.
Cuadrado et al. 2015, 2017). Moreover, a variety of COMs
have shown their existences in extreme environments such as
our own Galatic Centre molecular clouds (Requena-Torres
et al. 2006, 2008; Mart´ın et al. 2008; Bru¨nken et al. 2010;
Armijos-Abendan˜o et al. 2014), and also toward several ex-
tragalatic nuclei (Mart´ın et al. 2011; Aladro et al. 2015;
Costagliola et al. 2015; Harada et al. 2018).
Although our knowledge of the chemical complexity in
the interstellar medium (ISM) has made significant progress
thanks to the current development of new instrumenta-
tion as well as laboratory experiments, chemical modelling
and spectroscopic data, the mechanisms of COMs formation
from simple atoms and molecules are still subject to strong
debate. Two main formation routes have been proposed to
account for the presence of COMs: i) gas-phase chemistry, in
which large COMs are formed via gas phase reactions from
precursors such as CH3OH or H2CO, which are formed in
icy grains and subsequently released to gas phase from grain
surfaces (Vasyunin & Herbst 2013; Vasyunin et al. 2017;
Balucani et al. 2015) and ii) hydrogenation and/or radical-
radical reactions on dust grain surfaces, by which COMs
are formed entirely within icy mantles and subsequently re-
leased to the gas phase (Garrod & Herbst 2006; Garrod et al.
2008; Taquet et al. 2012). The detection of numerous COMs
and the study of their relative abundances in different envi-
ronments of the ISM is therefore paramount to understand
the emergence of molecular complexity and to constrain the
main chemical routes (either in the gas phase or on grain
surfaces) involved in their formation.
In this regard, quiescent giant molecular clouds
(QGMCs, hereafter) in the Galactic Centre (GC) offer a
unique opportunity to better constrain the formation routes
of COMs under extreme conditions. Within the Central
Molecular Zone (CMZ, the central 500 pc of the Milky
Way, Morris & Serabyn 1996), selected observation of O-
bearing molecules carried out across QGMCs in the GC
have revealed that COMs are ubiquitous in the whole region
(Requena-Torres et al. 2006). In comparison to hot cores in
the Galactic disk, the physical conditions of the QGMCs in
the GC are very different: QGMCs have high gas kinetic
temperatures ranging from ∼50 K to ∼120 K (Guesten et al.
1985; Hu¨ettemeister et al. 1993; Rodr´ıguez-Ferna´ndez et al.
2001; Ginsburg et al. 2016; Krieger et al. 2017), low dust
temperatures of ≤30 K (Rodr´ıguez-Ferna´ndez et al. 2004),
and relatively low H2 gas densities (∼104 cm−3; Rodr´ıguez-
Ferna´ndez et al. 2000). Due to the low H2 densities, the
excitation temperatures of the observed COMs are also low
(∼10-20 K; Requena-Torres et al. 2006), leading to the sub-
thermal excitation of the molecules. This is in contrast with
the thermal coupling between dust and gas in the Galactic
disk hot cores, where the excitation temperature is close to
the kinetic temperature.
In order to study the origin of COMs in the GC,
Requena-Torres et al. (2006) carried out a COMs survey
toward several QGMCs in the CMZ and established that
these clouds likely represent the largest repository of O-
bearing COMs in the Galaxy. Particularly, G+0.693-0.027
(hereafter G+0.693) is one of the GC QGMCs with simi-
lar levels of chemical richness and diversity as that found in
the prolific GC hot core SgrB2(N) (see e.g. Belloche et al.
2013). The low excitation temperatures in G+0.693 helps
in the spectroscopic identification of large COMs since the
emission peak in their spectra shifts toward longer wave-
lengths (≥1mm), avoiding the confusion from the emission of
rotational transitions arising from lighter molecular species.
Requena-Torres et al. (2008) presented the first detection
of O-bearing COMs as large as that observed in the star-
forming cluster SgrB2(N), such as aldehydes (glycoaldehyde
CH2OHCHO, propynal HC2CHO, propenal CH2CHCHO,
and propanal CH3CH2CHO) and alcohols (ethylene glycol
HOCH2CH2OH and ethylene oxide c-C2H4O) with large col-
umn densities. Moreover, more exotic species such as phos-
phorus bearing species (PN and PO), have also been recently
detected towards this source (Rivilla et al. 2018). However,
the full inventory of N-bearing COMs in this cloud remained
to be explored until now.
Following the work of Requena-Torres et al. (2008)
on O-bearing molecules, we present the chemical inventory
of N-bearing COMs observed toward the quiescent GMC
G+0.693 in the CMZ. In Section 2, we report the observa-
tions of a GBT 1cm survey (discontinuous frequency covered
range between 13-26 GHz) and of IRAM 30m 3 mm, 2 mm,
and 1 mm surveys carried out toward this source. We provide
not only a rather complete census of the N-bearing species
detected but also a comparison of their relative abundances.
We also compare our results to the abundances measured
across various astrophysical environments ranging from hot
cores, to hot corinos, molecular outflows, dark cloud cores,
and also several extragalactic sources to understand the pos-
sible origin of the COM richness in G+0.693. Finally, we
discuss the implications of this study on the synthesis of
COMs regarding models based on gas-phase chemistry and
reactions on dust grain surfaces.
2 OBSERVATIONS
The spectral line surveys were performed with the IRAM
30m telescope at Pico Veleta (Spain) and the NRAO2 100 m
Robert C. Byrd Green Bank telescope (GBT) in West Vir-
ginia (USA). An overview of the observations toward the
QGMC G+0.693 used in this work is presented in Table
1. The position switching mode was used in all the obser-
vations. The reference position was α(J2000.0)= 17h 46m
23.01s and δ(J2000.0)= -28◦ 16′ 37′′, obtained by Bally et al.
(1987). The coordinates of the quiescent molecular cloud
G+0.693-0.03 are α(J2000.0)= 17h 47m 22s and δ(J2000.0)=
-28◦ 21′ 27′′. The line intensity of our spectra is given in TA*
as the molecular emission toward G+0.693 is extended over
the beam (Requena-Torres et al. 2006; Mart´ın et al. 2008;
Rivilla et al. 2018).
2.1 IRAM 30m single-dish observations
The observations were carried out in multiple sessions be-
tween August 2003 and September 2011. In the 2003−2005
period, our observations covered the 1 mm (240-272 GHZ)
and 2 mm windows (128-176 GHz) with the SIS C and D
2 The National Radio Astronomy Observatories is a facility of
the National Science Foundation, operated under a cooperative
agreement by Associated Universities, Inc.
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Table 1. An overview of IRAM 30 m and GBT observations toward G+0.693 used in this work.
Date Frequency coverage Spectral resolution Beam size Telescope
(GHz) (km s−1) (′′)
July 2009-Oct. 2009 12-15, 18-26a 2.2-8.6 29-55 GBT
July 2009-Sept. 2011 80-116 5.2-7.5 22-29 IRAM 30m
Aug. 2003-Sept. 2005 128-176 6.9-9.4 14-19 IRAM 30m
July 2004-Dec. 2004 240-272 2.0 9-10 IRAM 30m
a The given frequency ranges are discontinuous, the actual frequencies covered are as following: 12.7-15.5 GHz, 18.12-18.32 GHz,
18.55-18.75 GHz, 18.85-19.06 GHz, 19.16-19.36 GHz, 19.52-19.72 GHz, 20.13-20.38 GHz, 21.36-21.54 GHz, 22.04-22.24 GHz,
23.3-24.45 GHz, 24.84-25-02 GHz, and 25.98-26.18 GHz.
receivers using the 4 MHz filterbanks (4 MHz spectral reso-
lution). Between 2009 and 2011 the broad-band Eight MIxer
Receiver (EMIR) were used at 3mm (80-116 GHz) with the
Wideband Line Multiple Autocorrelator (WILMA) which
provided a spectral resolution of 2 MHz. The equivalent ve-
locity resolutions in km s−1 are summarised in Table 1, and
they are high enough to resolve the typical linewidth of the
emission measured toward GC QGMCs (∼20 km s−1). The
half-power beam widths (HPBW) of the telescopes are in the
range of 31”-9”. Typical system temperatures, Tsys, ranged
between 120-165 K, 180-390 K, and 220-680 K at 3mm, 2mm
and 1mm respectively.
2.2 Green Bank Telescope (GBT) observations
The observations were performed in July-October 2009
(project code GBT09B-015). The Ku-band receiver was con-
nected to the spectrometer, providing four 200 MHz spectral
windows with a spectral resolution of 195 kHz (equivalent
to a velocity resolution of 2.2-8.6 kms−1). Two polarizations
were considered during the observations. We calibrated the
spectra using a noise tube, providing line intensities affected
by 20% uncertainties.
3 ANALYSIS AND RESULTS
3.1 Line identification and molecular column
densities
For line identification and analysis, our spectra were ex-
ported from the GILDAS/CLASS software package3 to
the MADCUBA package4. MADCUBA contains molec-
ular databases such as JPL5(Pickett et al. 1998) and
CDMS6(Mu¨ller et al. 2001, 2005; Endres et al. 2016) that
provide the frequencies and the spectroscopic information of
different species. With the identified transitions, the Spec-
tral Line Identification and Modelling (SLIM) package im-
plemented within MADCUBA was used to produce syn-
thetic spectra by assuming Local Thermodynamical Equi-
3 http://www.iram.fr/IRAMFR/GILDAS.
4 Madrid Data Cube Analysis on ImageJ is a software developed
in the Centre of Astrobiology (Madrid, INTA-CSIC) to visualise
and analyse single spectra and datacubes (Rivilla et al. 2016,
Mart´ın et al., in prep.)
5 http://spec.jpl.nasa.gov/
6 http://www.astro.uni-koeln.de/cdms
librium (LTE) conditions and considering the effect of line
opacity. These synthetic spectra were compared to the ob-
served spectra where the parameters of total molecular col-
umn density, Ntot, excitation temperature, Tex, peak velocity,
VLSR, and linewidth, ∆ν of the emission are fit. Then, the
MADCUBA-AUTOFIT tool was able to provide the best
non-linear least-squared fit using the Levenberg-Marquardt
algorithm. A representative sample of the observed and fit-
ted line profiles for several molecular transitions observed in
G+0.693 are shown in Figure 1, and the complete set of spec-
tra for detected molecular lines are presented in Appendix
B. The physical parameters together with their associated
uncertainties derived from the MADCUBA AUTOFIT are
listed in Table 2. Note that for some molecules such as ortho-
H2CCN and HC7N, the AUTOFIT algorithm would only
converge if the value of VLSR and/or ∆ν were fixed (see the
corresponding values in Table 2). Since these parameters
are fixed to a certain value by the user, no uncertainties are
associated with VLSR and/or ∆ν within MADCUBA during
the line fitting process. In addition, Tex of a given species
can only be constrained if multiple rotational transitions are
available; otherwise Tex needs to be fixed as well.
As shown in Table 2, the Ntot of some molecules are
attributed to different type of transitions: a- or b-type
transitions for formamide (NH2CHO), ortho/para transi-
tions for cyanomethyl radical (H2CCN) and cyanamide
(NH2CN), and K-ladders/Ka ladders present in methyl
cyanide (CH3CN) and isocyanic acid (HNCO) respectively.
In particular, rotational diagram analysis is used to estimate
the excitation temperature and column density of CH3CN
due to the presence of several series of K-ladder transitions
(more details in Section 3.3). The main spectroscopic infor-
mation for these molecules are summarised in Appendix A1.
In total, we have identified 19 N-bearing molecules ex-
cluding their isotopologues toward G+0.693. Among them,
there are 17 clear detections with peak intensities above 3σ,
and 2 tentative detections (where only one or two transitions
showed peak intensities higher than 3σ, see Figure 2). For
the non-detections, we estimated 3σ integrated line inten-
sity noise levels as 3 × rms ×√∆ν × δv, where rms (in K) is
estimated with MADCUBA, ∆ν is the assumed line widths
of the transition ( 20 km s−1) and δv is the velocity spectral
resolution in km s−1. The 3σ column densities and corre-
sponding relative abundances with respect to H2 assuming
Tex=15-20 K are listed in Table 3.
MNRAS 000, 1–16 (2018)
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Figure 1. Sample line profiles of a number of detected N-bearing molecules in G+0.693. The LTE best fits from MADCUBA are shown
in red lines.
Figure 2. Line profiles are tentative detections of molecules HNCCC and CH3C3N. The LTE best fits from MADCUBA are shown in
red lines.
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Table 2. Physical parameters of the N-bearing molecules de-
rived from the MADCUBA-LTE analysis of molecular spectra
for G+0.693
Formula Tex VLSR ∆ν Ntot
(K) (km s−1) (km s−1) (×1013cm−2)
NO 4.1±0.4 68±1 21±1 3600±200
HNCO, Ka=0 17±1 67±1 23±1 320±11
HNCO, Ka=1 29±2 68±1 22±1 16±1
HNCOa - - - 336±12
HOCN 8.1±0.3 69±1 20±1 1.9±0.1
C3N 7.3±1.5 68±1 18±2 4.3±0.2
CH2NH 9.7±0.4 69±1 25±1 54±3
H13CCCN 12±2 68±1 22±1 3.4±0.6
HC3N
b - - - 71±13
HCCNC 7.0±2.1 71±1 19±2 2.3±0.7
o-H2CCN
c 12±1 70 30 5.4±0.3
p-H2CCN 9.1±0.6 70±1 21±1 17±2
(o+p)-H2CCN
d - - - 22±2
o-NH2CN 6.3±0.3 66±1 24±1 3.8±0.2
p-NH2CN 6.8±0.2 67±1 24±1 27±2
(o+p)-NH2CN
d - - - 31±2
CH3CN(J=5-4) 140±26 69±1 27±1 100±22
CH3CN(J=6-5) 100±8 69±1 25±1 46±5
CH3CN(J=7-6) 78±6 69±1 26±1 27±3
CH3CN(J=8-7) 73±6 68±1 26±1 15±1
CH3CN(J=9-8) 85±11 68±1 25±1 13±2
CH3CN(J=14-13) 83±9 70±1 23±1 0.9±0.1
CH3CN(J=15-14)
c 130 71±1 16±2 0.40±0.04
CH3CN
e 14 71 21 11.5±0.3
a-NH2CHO 9.8±0.6 71±1 23±1 5.5±0.3
b-NH2CHO 3.7±0.7 68±1 23±2 57±14
NH2CHO
f 63±14
HC5N 16.2±0.2 67±1 22±1 26±1
C2H3CN 10.8±1.1 68±1 22±2 9±1
CH3NH2 16.2±0.8 67±1 20±1 30±9
CH3NCO 7.9±0.4 67±1 23±2 6.6±0.4
C2H5CN 17.7±1.6 69±1 24±2 4.1±0.4
HC7N 7±1 66 26±2 1.5±0.3
Tentative Detections
HNCCC 5.3±0.5 68±1 14±3 ≤0.2±0.1
CH3C3N
c 15 68 20 ≤4.5±0.3
(a) Ntot calculated by the sum of Ka=0 and Ka=1 rotational
ladder. (b) Ntot was derived from its isotopologue H13CCCN
due to the emission lines of HC3N are optically thick. We
adapted the 12C/13C ∼ 21 from (Armijos-Abendan˜o et al.
2014) in G+0.693. (c) Values fixed. (d) Ntot calculated by the
sum of the ortho and para species. (e) Tex and Ntot derived from
rotational diagram analysis (see Figure 3). ( f ) Ntot calculated
by the sum of a-type and b-type transitions.
3.2 Rotational diagram analysis for CH3N
CH3CN is a symmetric rotor in which its rotational energy
levels (or J transitions) are further divided into successive
K components. Consequently, spectral lines due to differ-
ent K values are shifted in frequency with respect to each
other, giving rise to a so-called ’K-ladder’ spectrum. Due to
the fact that radiative transitions are forbidden between K-
ladders, the level populations are expected to be thermalised
and therefore determined by collisional excitation within K-
ladders. Then the Tex of the K ladder levels for the J+1→J
Table 3. Upper limits for undetected N-bearing species
Formula Ntot Abundance
(×1013cm−2) (×10−11)
C2N ≤0.3 ≤1.9
NCO ≤2 ≤11.7
H2CN ≤0.3 ≤1.9
HCCN ≤1.1 ≤8.2
HCNO ≤0.3 ≤2.5
HONC ≤0.1 ≤0.7
C4N ≤0.4 ≤2.9
HCOCN ≤6 ≤44.7
NH2OH ≤2 ≤14.1
l-HC4N ≤1 ≤7.4
C5N ≤0.6 ≤4.7
CH3NC ≤0.3 ≤2.3
(NH2)2CO ≤1 ≤6.8
C2H3NC ≤0.3 ≤2.2
CH2(CN)2 ≤2.5 ≤18.6
CH3OCN ≤0.6 ≤4.7
CH3CNO ≤0.1 ≤0.8
NCCONH2 ≤0.3 ≤2.5
l-HC6N ≤0.3 ≤2.3
CH3CCNC ≤0.3 ≤2.3
H2CCCHCN ≤2 ≤14.8
H2NCH2CN ≤0.6 ≤4.7
C2H3NH2 ≤4 ≤29.5
c-C2H4NH ≤4 ≤29.5
CH3C5N ≤0.1 ≤0.9
HC9N ≤0.4 ≤2.6
NH2CH2CH2OH ≤1 ≤8.9
i-C3H7CN ≤0.6 ≤4.7
n-C3H7CN ≤1.1 ≤8.2
HC11N ≤0.2 ≤1.9
HC13N ≤1 ≤1.3
transition of CH3CN provides a measurement of the Tkin of
the source. In our survey, the K-ladders of J=5→4, J=6→5,
J=7→6, J=8→7, J=9→8, J=14→13, and J=15→14 are ob-
served for CH3CN in G+0.693. The individual Tex obtained
from these K ladders lie between 73-140K which indicates
that the Tkin can be up to 140K. These values are consis-
tent with the gas kinetic temperatures Tkin∼50-120 K previ-
ously reported by Guesten et al. (1985); Hu¨ettemeister et al.
(1993); Krieger et al. (2017) using another symmetric top
molecule, ammonia (NH3).
In addition, a rotational diagram was constructed for
CH3CN to derive the overall Ntot and Trot (see Figure
3). A linear regression line was fitted to the lines with
the lowest K values i.e. K=0, 1, and 2 for all J+1→J
transitions, yielding Trot=15±1 K. By fixing Trot=15 K,
VLSR=71 km s−1, and ∆ν=21 km s−1 in MADCUBA, the
AUTOFIT algorithm converged to give a Ntot(CH3CN) value
of (1.15±0.03)×1014 cm−2.
3.3 Excitation temperature vs gas kinetic
temperature
The Tex derived from the source using different molecules
range between 9-30K. Note that the Trot=15±1 K extracted
from the rotational diagram of CH3CN, also falls in the same
range. This range of Tex is consistent with those found in
Requena-Torres et al. (2006, 2008), and significantly lower
MNRAS 000, 1–16 (2018)
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Figure 3. CH3CN rotational diagram constructed using the K=0,
1, and 2 transitions for all detected J+1→J transitions. The blue
straight line indicates the best linear regression fit to the data
points.
that the derived kinetic temperatures of the gas (Tkin=73-140
K; see Section 3.2). This implies that the molecular emission
in this cloud is sub-thermally excited due to its relatively low
H2 gas densities (see Rodr´ıguez-Ferna´ndez et al. 2000).
Overall, from the detected N-bearing molecules, we de-
rive a range of Tex and Tkin that are consistent with previous
studies. They both strengthen the fact that G+0.693 indeed
has a much lower Tex compared to its Tkin, a signature of
the sub-thermal excitation of molecules within the cloud.
3.4 Molecular abundances relative to H2 and
parent molecule of each functional group
Since we know that the emission is extended, the rela-
tive abundances can be estimated by dividing the measured
molecular column densities by the H2 column density (NH2).
In this study, we adopt the H2 column density NH2 = 1.35
× 1023 cm−2 derived by Mart´ın et al. (2008) from C18O.
In our calculations, we assume that all molecules present a
similar spatial distribution to C18O when determining the
observed abundances (i.e. all molecules arise from the same
region). For molecules with clear detections and tentative
detections, high abundances relative to H2 are observed to-
ward G+0.693, ranging from 10−11 to 10−8. Uncertainties
in the relative abundances can be estimated by propagat-
ing errors in the molecular column densities provided by the
MADCUBA AUTOFIT algorithm. A summary of the cal-
culated abundances relative to H2 is given in the second col-
umn of Tables 4, 5, and 6. In order to explore the possible
differences in chemistry, in Tables 4, 5, and 6, we also re-
port the molecular abundance ratios between each molecule
and their corresponding ”parent” species within each func-
tional group: CH3CN for nitriles (-CN), CH3NH2 for amines
(-NH), and HNCO for cyanates (-NCO). Note that we refer
here to parent species as the most abundant molecules of
each functional group.
Table 4. Abundances ratios with respect to H2 and CH3CN.
Molecule X(H2) X(CH3CN)
(×10−10)
CH3CN 9 1
H2CCN 16 2
C3N 3 0.4
HCCCN 54 6
HCCNC 2 0.2
HNCCC ≤0.1 ≤0.02
C2H3CN 7 0.8
C2H5CN 3 0.4
CH3C3N ≤3 ≤0.4
HC5N 19 2.21
HC7N 1 0.1
*NH2CN 23 3
(*) denote molecule that potentially contains two functional
groups i.e. NH2CN contains both NH- and CN- group.
Table 5. Abundances ratios with respect to H2 and CH3NH2.
Molecule X(H2) X(CH3NH2)
(×10−10)
CH3NH2 221 1
CH2NH 43 0.2
*NH2CN 23 0.1
*NH2CHO 47 0.2
(*) denote molecules that potentially contain two functional
groups i.e. NH2CN contains both NH- and CN-group and
NH2CHO contains both NH- and NCO-group.
Table 6. Abundances ratios with respect to H2 and HNCO.
Molecule X(H2) X(HNCO)
(×10−10)
HNCO 249 1
HOCN 1 0.01
*NH2CHO 47 0.2
CH3NCO 5 0.02
(*) denote molecules that potentially contain two functional
groups i.e. NH2CHO contains both NH- and NCO-group.
4 DISCUSSION
As for the O-bearing family in Requena-Torres et al. (2008),
the full census of the identified N-bearing molecules in
G+0.693 are presented in Figures 5 and 6. The purpose of
these diagrams is to organize N-bearing molecules by in-
creasing complexity (increasing number of carbon C, nitro-
gen N, and oxygen O atoms) so that the possible relation
between two molecules, or even from a simple molecule to
a very complex one, can be quickly visualised in one dia-
gram. Besides molecules, intermediate species such as radi-
cals and chemically unstable species, which presumably rep-
resent the missing links between chemical reactions, are also
included in the diagram. Molecules that have not been iden-
tified in space either due to lack of spectroscopic data or
lack of sensitivity in observations are also indicated. The
measured molecular abundances with respect to H2 and the
MNRAS 000, 1–16 (2018)
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derived upper limits for the non-detections are both given
in the diagrams. These diagrams could be used as guidance
for future searches of species as well as for spectroscopic
laboratory experiments.
4.1 Comparison of relative abundances across
different galactic environments
It has been proposed that the formation processes of COMs
in hot and cold environments largely differ. In hot cores
and hot corinos, COMs are believed to form via radical-
radical association on the surface of dust grains as radicals
become mobile at temperatures ≥30 K during the warming-
up of the protostellar envelope (Garrod et al. 2008). The
heating from the protostar sublimates the ices (and its con-
tent in COMs) off dust grains, triggering a complex chem-
istry in the hot envelope. In contrast to these hot environ-
ments, the gas temperature in cold dark cloud cores rarely
exceeds 15 K, and therefore the chemistry is dominated by
ion-molecule reactions in the gas phase since the gas rad-
ical mobility necessary for COM formation on grains does
not occur. As a result of low gas temperature, highly reac-
tive species, including ions, radicals, and unsaturated species
such as cyanopolyynes HCnN are abundant in cold core
sources (Ohishi & Kaifu 1998; Smith et al. 2004). COMs
have also been found in shocked regions, where the gas is
enriched by ice sputtering (Arce et al. 2008) and/or affected
by gas-phase chemistry (Codella et al. 2017). The origin of
the formation of COMs in G+0.693 has been rather elusive
due to its peculiar physical conditions compared to other
environments. The ejection of COMs from grain mantles in
G+0.693 has been proposed to be due to non-dissociative
shocks with velocities ≤40 km s−1 (Requena-Torres et al.
2006, 2008; Mart´ın et al. 2008). This seems to be consis-
tent with the typical line widths (∼20 km −1) derived from
the molecular transitions.
In order to better understand the formation mech-
anisms of COMs in G+0.693, we compared the derived
abundances relative to H2 of the detected N-bearing
molecules across different astronomical environments.
These sources include the hot cores Sgr B2(N) and Orion
KL, the hot corino IRAS16293-2422 (IRAS16293 hereafter),
the dark cloud TMC-1 and the shocked region L1157-B1.
As illustrated in Figure 4, the abundances relative to H2 are
plotted for detected and tentatively-detected species which
can be categorised into 4 groups: 1) cyanopolyynes HCnN,
2) nitriles -CN, 3) amines -NH, and 4) cyanates -NCO.
Within each group, species are organised by increasing
complexity i.e. increase number of C, O, and N from left
to right. For completeness, the abundance ratios between
relative molecules such as isomers and ”parents/daughters”
species are listed in Table 7.
4.1.1 Cyanopolyynes HCnN group
Linear carbon chain radical C3N as well as cyanopolyynes
chains, HCnN (n=3,5,7 etc.) ranging from HC3N through
HC7N, have been detected toward G+0.693 in this study.
Besides the metastable isomer HC3N, the isomers HCCNC
and HNCCC have also been detected. The main isomer
HC3N seems to be ubiquitous in the ISM as it has been de-
tected in all sources with relatively high abundances (≥10−9;
Figure 4 and Table 7). Its HC3N/H2 abundance obtained
in G+0.693 is a factor of 5 lower than those found toward
L1157-B1 and TMC-1 whilst its HC5N/H2 abundance is con-
sistent with that measured in L1157-B1 (Mendoza et al.
2018). As shown in Table 7, the relative abundance for
molecules following the sequence from HC3N to HC7N is re-
duced by approximately a factor of 10 with increasing molec-
ular size in G+0.693. Although the abundance ratio between
HC3N : HC5N (∼1 : 0.3) matches very well between G+0.693
and TMC-1, both of the HC3N : HC7N and HC3N : HC9N
ratio differ by an order of magnitude respectively between
these two regions. Recently, cyanopolyynes have also been
detected in the intermediate mass protocluster OMC2-FIR4
by Fontani et al. (2017). HC3N : HC5N abundance ratio (be-
tween 1 : 0.08 to 1 : 0.25) have been measured toward the the
eastern region of FIR4 where strong HC5N emission is found.
Through their analysis along with relevant gas-phase chem-
ical model, it has been suggested that HC3N : HC5N ≥0.08
obtained in FIR4 is possibly due to an enhanced cosmic-
ray ionisation rate of ζ=4×10−14s−1. Toward G+0.693, the
HC3N : HC5N abundance ratio is 1 : 0.3, consistent with the
range obtained in FIR4. This might suggest that cosmic rays
can also affect the chemistry of cyanopolyynes in G+0.693
(note that the cosmic-ray ionisation rate in the CMZ is con-
strained to be ζ ∼1-10×10−15s−1 which is factors 4-40 lower
than that in FIR4; Yusef-Zadeh et al. 2013; Ginsburg et al.
2016).
Alternatively, a low HC3N : HC5N abundance ratio
could be the result of a cold temperature chemistry as pro-
posed by Jaber et al. (2017). These authors inferred HC3N
: HC5N abundance ratios of 1 : ∼10 and 1 : ∼1 toward the
inner hot corino and the outer cold envelope of IRAS16293,
respectively. The HC3N : HC5N ratio of the cold envelope is
comparable to that of G+0.693. In their models, Jaber et al.
(2017) propose that an enhanced cosmic ray ionization rate
has little effect on the abundance of HC3N, although their
predicted abundance of HC5N does not match the observa-
tions. Note also that, while the cold envelope of IRAS16293
has a kinetic temperature of Tkin=20 K, the Tkin in G+0.693
is 73-140 K (see Section 3.2). This implies that the cold
chemistry characteristic of the envelope of IRAS16293 can-
not be applied to G+0.693.
Being the simplest member of the cyanopolyynes, the
most important formation pathway of HC3N has been pro-
posed to be the neutral-neutral reaction (mechanism 1 here-
after) between hydrocarbon molecules CnH2 (n=1, 2,3,4..)
and the CN radical. For instance, the gas-phase reaction
between C2H2 and CN to form HC3N (see equation (1) in
Burkhardt et al. 2017) has been supported by several stud-
ies toward dark clouds, low-mass and high-mass star-forming
regions (Takano et al. 1998; Burkhardt et al. 2017; Taniguchi
et al. 2016, 2017). Subsequently, larger cyanopolyynes such
as HC5N and HC7N would be assumed to be produced from
CN to the same extent as HC3N. A recent detection of the
isotopologues of HC5N and HC7N in TMC-1 by Burkhardt
et al. (2017) has provided evidence that HC5N and HC7N
do not necessarily undergo the same formation pathway as
suggested for HC3N. Instead, the dominant formation mech-
anism for these two cyanopolyynes could be the reaction in
gas phase of hydrocarbon ions and nitrogen atoms (mecha-
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nism 2 hereafter, see equation (3) in Burkhardt et al. 2017).
Since the gas kinetic temperature in G+0.693 is high (73 -
140 K), we have investigated how the reaction rates of these
two mechanisms vary with temperature to evaluate their ef-
ficiency7. For mechanism 1, the reaction rates remain almost
constant (they vary by less than a factor of 2) with increas-
ing temperature from 10K to 100K. This cannot explain a
factor of 5 difference in the abundance of HC3N between
G+0.693 and TMC-1. Hence we propose that gas-phase re-
actions involving CN might not be the main formation route
for HC3N. For mechanism 2, however, the reaction rates slow
down by a factor of ∼5 from 10 to 100 K, which would explain
why HC5N and HC7N systematically show lower abundances
in G+0.693 compared to TMC-1. All these point toward
the idea that CN is not necessarily the ”parent” molecule
of cyanopolynnes. Instead, an enhanced cosmic ray flux, as
found in the Galactic Center, would increase the abundance
of ionised hydrocarbons, explaining the large HC3N abun-
dance and the cyanopolyynes ratios observed in G+0.693.
For the less stable isomers HCCNC and HNCCC, their
abundances are systematically lower by a factor of 4 than
those measured in TMC-1. HNCCC, the least stable isomer
amongst the three molecules, presents the lowest abundance
as expected. However, we found that the HCCCN : HCCNC
: HNCCC ratios are almost uniform between G+0.693
and TMC-1 (see Table 7). Recently, HCCNC and HNCCC
have been detected in the prestellar core L1544 (Vastel
et al. 2018). Together with previous detection of HC3N by
Que´nard et al. (2017a), the HCCCN : HCCNC : HNCCC
abundance ratio toward L1544 is 1 : 0.04-0.14 : 0.003-0.01.
This ratio is also marginally consistent with those obtained
from G+0.693 and TMC-1.
4.1.2 Nitrile, -CN group
The closely related cyanides CH3CN, C2H3CN, and
C2H5CN have all been detected toward Sgr B2(N) and
Orion KL, as well as G+0.693. Consistent molecular ratios
are found between these three molecules toward Sgr B2N
and Orion KL (i.e. 1 : 0.4 : 0.9 and 1 : 0.5 : 1.1 respectively),
but a factor of 2 variation is present when compared to
G+0.693 (1 : 0.8 : 0.4). Furthermore, a strong correlation
has also been found for the abundances of C2H3CN and
C2H5CN toward 6 hot molecular cores (HMCs), giving the
abundance ratio C2H3CN : C2H5CN = 1 : ∼2-3.3 (Fontani
et al. 2007). Similar ratios such as 1 : 2.25 and 1 : 2.2 are
obtained toward Sgr B2N and Orion KL respectively. This
is expected since hot cores are thought to have higher abun-
dances of saturated molecules than those of unsaturated
ones. Note here that the term ”saturated” refers to carbon
chain molecules involving one single C-C bond whereas the
term ”unsaturated” implies carbon chain molecules con-
taining carbon-carbon double bonds (C=C) or triple bonds
(C≡C). (Herbst & Dishoeck 2009). And more importantly,
C2H5CN in hot cores is thought to be formed onto icy
mantles of dust grains via sequential hydrogenation of C3N
7 Reaction rates extracted from the KIDA database
(http://kida.obs.ubordeaux1.fr/).
and then evaporated to form C2H3CN through ion-molecule
reactions in the gas-phase (Caselli et al. 1993). On the
contrary, unsaturated C2H3CN appears to be slightly more
abundant than saturated C2H5CN in G+0.693, yielding an
opposite ratio of C2H3CN : C2H5CN as 1 : 0.5 compared
to hot cores. If we compare our results to the modelling
of Caselli et al. (1993) for the Orion compact ridge, the
ion-molecule gas phase chemistry can convert the saturated
C2H5CN into unsaturated C2H3CN efficiently thanks to two
different reasons: i) the high cosmic ray flux present in the
GC that increases the fractional ionic abundance; and ii)
the lower densities of ∼104 cm−3 of G+0.693, which also are
expected to yield higher ion densities in the gas (see Section
3 in Caselli et al. 1993). In this way, for time-scales of
about 105 years, C2H3CN can become more abundant than
C2H5CN, which is consistent with our results. In addition,
the CH3CN/H2 abundance ratio measured in G+0.693
matches very well with that of the shocked-region L1157-B1.
4.1.3 Amine, -NH/-NH2 group
Among the studies we considered for our comparison, amino
group species have mostly been detected in large abun-
dance toward the high-mass star-forming region Sgr B2(N).
Recently, NH2CN has been reported by Coutens et al.
(2017a) toward IRAS16293 and NGC1333 IRAS2A hot cori-
nos. Therefore, our knowledge of these amine group species
has been restricted to regions with high temperatures and
active star-formation. In this study, 4 different amine group
species have been detected toward G+0.693, for which 3 out
of 4 species present similar molecular abundances to those
measured toward Sgr B2(N). The large abundance difference
found for methanimine, (CH2NH, see Figure 4) can possi-
bly be explained by the increased hydrogenation efficiency
in G+0.693, which is expected to yield a higher abundance
of methylamine, (CH3NH2). One of the possible formation
routes of CH3NH2 is via hydrogenation of HCN on grain
surfaces (Theule et al. 2011). Grain surface hydrogenation
of CH2NH can also lead to the formation of CH3NH2 at
low temperatures (T = 15 K). Hence, CH2NH is suggested
to be a hydrogenation-intermediate species between HCN
and CH3NH2 (Theule et al. 2011). The abundance ratio of
CH3NH2 : CH2NH in G+0.693 is 1 : 0.1 whereas in the
hot cores G10.47+00.3 and Sgr B2N, opposite ratios of 1 :
6 and 1 : 1.3 are obtained respectively (Ohishi et al. 2017;
Belloche et al. 2013). Since CH3NH2 is likely formed via hy-
drogenation from HCN, the opposite trend for the CH3NH2
: CH2NH ratio could be caused by a more efficient hydro-
genation on dust grains in G+0.693 than in hot cores. In
addition, coupled to the low dust temperatures measured
in G+0.693, the chemistry in grain mantles is also likely to
be affected by energetic processing in the GC such as X-
rays and/or cosmic rays, which increases the availability of
atomic H in the gas phase and subsequently, in the grain
mantles. Indeed, Armijos-Abendan˜o et al. (2014) (source
named as LOS+0.693 in the paper) has concluded that a
chemistry driven by X-rays could be expected due to the
presence of strong Fe Kα line emission toward G+0.693,
while UV photo-chemistry in G+0.693 is rather uncertain.
Consequently, a larger degree of hydrogenation is possible
in G+0.693 with respect to hot cores. Similarly, Requena-
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Torres et al. (2008) has shown that the abundance ratio of
the O-bearing pair H2CCO : CH3CHO in G+0.693 (1 : 3.6)
is completely different from that observed in hot cores (1 :
0.2). A more efficient hydrogenation in the CMZ with re-
spect to hot cores was suggested in their study, which is
consistent with our CH3NH2 : CH2NH.
For the rest of amine species, similar abundances are
derived in G+0.693 and Sgr B2(N). This suggests that these
species may arise from the same environment, presumably
the envelope of the Sgr B2 cloud. For other species within
the same group, NH2CN : NH2CHO abundance ratio in
IRAS16293 (1 : 5) is found to be an order of magnitude
lower than in IRAS2A (1 : 50) where the latter falls within
the range inferred toward Sgr B2(N) (1 : 25-50). For
G+0.693, this ratio is found to be 1 : 2 which is consis-
tent with the ratio measured in Orion KL (1 : ∼0.7-2.5)
and about a factor of 2.5 lower than in IRAS16293. We
speculate that the hydrogenation of NH2 and CN radicals
may be more efficient than the formation of NH2CN since
the enhanced cosmic ray flux is likely to produce larger
amounts of atomic hydrogen, which are then available in
the gas phase to accrete onto the surface of dust grains.
4.1.4 Cyanate, -NCO group
Cyanate group molecules have attracted much attention
in recent years due to their possible chemical link to the
building blocks of life. N-C=O is often known as a peptide
bond, which represents the linkage between two amino acids
in protein chains. Several of these molecules with peptide-
like bonds are detected in G+0.693 such as isocyanic acid
(HNCO), formamide (NH2CHO), and methyl isocyanate
(CH3NCO).
In the family of HNCO isomers, only the two most sta-
ble isomers HNCO and HOCN have been detected toward
G+0.693 (HOCN was first observed in this source, named
as SgrB2M offset 20”,100” in the paper by Bru¨nken et al.
(2010)) and upper limits are provided for the other two iso-
mers HCNO and HONC (see Table 3). HNCO in G+0.693
is almost as abundant as in L1157-B1 and only about a fac-
tor of 4 less abundant than in Sgr B2N. Mart´ın et al. (2008)
has proposed that shocks may explain the high HNCO abun-
dances measured in galactic nuclei. Observations carried out
toward the L1157 molecular outflow (Rodr´ıguez-Ferna´ndez
et al. 2010), also support the idea that the enhancement
of HNCO in star-forming regions is due to shocks. Fur-
thermore, two independent studies, Kelly et al. (2017) and
Yu et al. (2017), have concluded that an enhancement of
HNCO abundance may indicate the presence of a slow shock
(∼20 km−1).
On the whole, the consistent abundances of HNCO de-
tected in these 3 regions imply that their physical environ-
ments are likely affected by low/moderate-velocity shocks.
The fairly constant abundance ratio of HNCO : HOCN
(∼1:0.005) between G+0.693 and Sgr B2N obtained in this
study agrees very well with the HNCO : HOCN ratios de-
rived from several chemically and physically distinct regions
in Sgr B2 (see Table 3. in Bru¨nken et al. (2010)). This fur-
ther supports the hypothesis that, like HNCO, sputtering
of grain mantles by shock waves are responsible for the ob-
served abundance of HOCN in these regions.
The HNCO : HOCN : HCNO ratio behaves differently
in G+0.693, gives the ratio 1 : 0.006 : ≤0.001 compared to
that in the proto-star IRAS16293 (1 : ≤0.0002 : ≤0.0007)
and in the prestellar core L1544 (1 : 0.03 : 0.02, methanol
peak; see Que´nard et al. 2017b). This might be potentially
related to the destruction rates of HOCN and HCNO via
the gas-phase reactions HOCN/HCNO + O, since both are
sensitive to the gas temperature (Que´nard et al. 2017b).
Their reaction rates increase rapidly from 10−18 to 10−10 cm3
s−1 for temperatures from 10 to 300 K, which would yield
more extreme HNCO : HOCN : HCNO ratios in IRAS16293.
In this context, with a gas temperature of ∼100-150 K, the
destruction rates of HOCN and HCNO in G+0.693 are not
as efficient as those in IRAS16293 but certainly faster than
in L1544. Consequently the HNCO : HOCN : HCNO ratio in
G+0.693 is expected to lie within the corresponding ratios
obtained from these two regions, as observed.
Besides the family of HNCO isomers, NH2CHO and
HNCO have been proposed to be chemically related (Men-
doza et al. 2014; Lo´pez-Sepulcre et al. 2015). However, re-
cent modelling by Que´nard et al. (2017b) has shown that
these two species, rather than being chemically linked, re-
spond in the same manner to environmental conditions, pre-
cisely to the temperature. This is consistent with the mea-
sured HNCO : NH2CHO abundance ratio in G+0.693 (1 :
0.2), which lies between those derived toward the prestellar
core L1544 (methanol peak, 1 : ≤0.03) and the hot corino
IRAS16293 (1 : 1). Note that the gas temperature progres-
sively increases from L1544 (∼10 K) to G+0.693 (≤145 K),
and to the IRAS16293 hot corino (∼100 to up to 300 K).
The measured abundance of NH2CHO in G+0.693 is much
higher than those observed in both IRAS16293 (≤1.9× 10−9,
Mart´ın-Dome´nech et al. 2017) and L1544 (≤(6.7-8.7)× 10−13,
Jime´nez-Serra et al. 2016), but very similar to that inferred
from the L1157 molecular outflow (Mendoza et al. 2014). It
is possible that NH2CHO is formed either in shocks via gas-
phase reactions (Codella et al. 2017) or that it is formed on
grain surfaces and then ejected from dust grains in shocks
(Que´nard et al. 2017b).
In Table 7, we present the abundance ratio between
HNCO, NH2CHO and other related molecules such as
NCO and CH3NCO. The latter molecule, considered as
the relevant precursor in the formation of prebiotic species,
have recently been detected in several sources such as
Sgr B2N (Halfen et al. 2015; Belloche et al. 2017), Orion
KL (Cernicharo et al. 2016), IRAS16293 (Ligterink et al.
2017; Mart´ın-Dome´nech et al. 2017) and even in comet
67P/Churyumov-Gerasimenko (Goesmann et al. 2015). We
find that the HNCO : CH3NCO ratio in G+0.693 is a
factor of 4, 5.5, and 3.5 lower than those measured in
IRAS16293, Sgr B2N and Orion KL respectively. In con-
trast, the NH2CHO : CH3NCO ratio is a factor of 1.3 and
3.3 higher than those measured in IRAS16293 and Sgr B2N
respectively but a factor of 35 lower than in Orion KL.
The measured discrepancies in the abundance ratio between
these regions point to a different chemical evolution of the
grain mantles in the GC and in the disk see also (see also
Requena-Torres et al. 2008).
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Figure 4. Molecular abundances relative to H2 in different sources. Blue triangles represent the abundances derived from this work
toward G+0.693; magenta stars are the results from L1157-B1 (Arce et al. 2008; Mendoza et al. 2014; Mendoza et al. 2018); red circle are
the results from Sgr B2N (Ziurys et al. 1991; Belloche et al. 2013; Cernicharo et al. 2016); purple circle represents the averaged results from
Orion KL hot core (Blake et al. 1987; Sutton et al. 1995); orange pentagon and green rectangle represent values obtained from TMC-1
and IRAS16293 respectively (Gerin et al. 1993; Gratier et al. 2016; Jaber et al. 2014, 2017; Coutens et al. 2017b; Mart´ın-Dome´nech et al.
2017).
Table 7. Observational molecular abundances between related molecules
Molecules Abundance ratios
Isomers
G+0.693 SgrB2(N) Orion KL IRAS16293 TMC-1
HCCCN : HCCNC : HNCCC 1 : 0.03 : 0.003 - - 1 : ≤0.8 : ≤0.1 1 : 0.04 : 0.002
HNCO : HOCN : HCNO : HONC 1 : 0.006 : ≤0.001 : ≤0.0003 1 : 0.005 - 1 : ≤0.0002 : ≤0.0007a 1 : ≤0.0008
CH3NCO : CH3OCN : CH3CNO 1 : ≤0.1 : ≤0.02 1 : - : ≤0.01 - 1 : ≤0.1 : ≤0.01a -
Parents & Daughters Species
HC3N : HC5N : HC7N : HC9N 1 : 0.3 : 0.02 : ≤0.005 1 : 0.004 : - : - 1 : 0.1 : - : - 1 : 0.09 : ≤1 1 : 0.25 : 0.19 : 0.04
CH3CN : C2H3CN : C2H5CN : n-C3H7CN 1 : 0.8 : 0.4 : ≤0.01 1 : 0.4 : 0.9 : 0.008 1 : 0.5 : 1.1 1 : ≤8 : 1.2 : ≤0.05 1: 1.6
CH3CN : CH3C3N : CH3C5N 1 : 0.4 : ≤0.01 - - 1 : ≤0.002 : ≤0.01 1: 0.2
CH3NH2 : CH2NH 1 : 0.1 1 : 1.3 - - -
HNCO : NH2CHO : CH3NCO 1 : 0.2 : 0.02 1 : 1 : 0.03 1 : 0.02 : 0.07 1 : 1 : 0.08 -
(a) Upper limit estimated from chemical model in Que´nard et al. (2017b)
4.2 Comparison with extragalactic environments
The QGMC G+0.693 in the GC is not only one of the most
promising sources to constrain the formation pathway of
COMs detected in the interstellar medium, but also an ex-
cellent candidate to enhance our knowledge of the chemical
complexity expected in the nuclei of external galaxies and
the influence of the different extragalactic sources. There is
an increasing number of N-bearing species being detected
across different extragalactic environments, evidencing sim-
ilarities as well as differences compared to galactic environ-
ments. For example, the first detection of NO in the star-
burst galaxy NGC 253 by (Mart´ın et al. 2003, 2006) presents
an abundance consistent to that measured in G+0.693, Sgr
B2N and Orion KL. The rare molecule NH2CN has also
been detected toward NGC 253 with an abundance of ∼2
×10−10 (Mart´ın et al. 2006; Aladro et al. 2015). This abun-
dance is an order of magnitude lower than that in Sgr
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Figure 6. Chemical diagram of O-containing N-bearing species that are potentially related. Same notations as used in Figure 5 except
for O-addition instead of N-addition in diagonal direction.
B2N and G+0.693 but matches up with the latest measure-
ment toward IRAS16293 (Coutens et al. 2017b). HCN, HNC,
CH3CN, HNCO, and HC3N have also been detected in sev-
eral extragalactic sources (Mart´ın et al. 2006; Aladro et al.
2011, 2015; Costagliola et al. 2015; Harada et al. 2018).
The most accepted idea is that the chemistry of the
most complex molecules in starburst galaxies is dominated
by the ejection of the icy grain mantel by low velocity shock
followed by different types of gas phase chemistry depend-
ing on the dominant environment (UV radiation, X-rays,
cosmic rays, high gas temperature etc.). One of the most
interesting results from our study of G+0.693 is that one
can use the HC3N/HC5N abundance ratio as a tracer of en-
hanced cosmic ray fluxes. So far, larger cyanopolyynes such
as HC5N, however, have only been detected in two extra-
galactic sources: NGC 253 (Aladro et al. 2015) and the lu-
minous infrared galaxy NGC 4418 (Costagliola et al. 2015).
Their derived HC3N : HC5N column density ratios are 1 : 0.7
and 1 : 0.6 respectively, i.e. at least factors of 3 higher than
those measured in any other galactic source (see Table 7).
These large ratios would be consistent with the scenario of
enhanced cosmic rays. This would indicate that the nuclei of
both active galaxies would have a cosmic ray flux even larger
than that inferred for the GC. For both source similar con-
clusion has been reached using other tracers. Using the emis-
sion from OH+, H2O
+, and H3O
+, (Gonza´lez-Alfonso et al.
2012) concluded that X-rays/cosmic ray ionization from the
AGN is very likely responsible for the large abundance of
these molecules. (Bradford et al. 2003) have analysed the
emission of high J-line of CO and concluded that the best
mechanism for heating the gas is cosmic rays with a flux 800
times that of the Galaxy.
4.3 The origin of N-bearing species in G+0.693
The QGMC G+0.693 is located toward the north-east of
the Sgr B2 star-forming complex but it does not show any
signposts of recent or ongoing star formation in the form of
UC HII regions or H2O masers (Gu¨sten et al. 1981; Hu¨et-
temeister et al. 1993; Mart´ın-Pintado et al. 1997; Ginsburg
et al. 2018). Same as other QGMCs within the CMZ, its
physical properties are characterised by high gas kinetic
temperatures and cold dust temperatures (Guesten et al.
1985; Rodr´ıguez-Ferna´ndez et al. 2001, 2004). As discussed
throughout Section 4.1, the chemistry of this QGMC is
rather unique since it shows high abundances not only of
O-bearing species (Requena-Torres et al. 2008) but also of
N-bearing molecules. The reasons why this source presents
such a rich chemistry in COMs among all QGMCs in the
Galactic Center, remains however unclear.
The comparison of the abundances of N-bearing COMs
measured in G+0.693 with those derived toward other
Galactic environments (Section 4.1), provides clues about
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the main mechanism(s) responsible for the rich COM chem-
istry found in this source:
• Large carbon chain cyanopolyynes (from HC3N to
HC7N) are clearly detected toward G+0.693. Systematically
lower abundances of HC3N, HC5N, and HC7N are found
in G+0.693 compared to the molecular dark cloud TMC-1.
This indicates that CN might not necessarily be the ”par-
ent”molecule of cyanopolyynes. In addition, the lower HC5N
: HC7N ratios observed in G+0.693 may be due to the pres-
ence of enhanced cosmic-rays ionisation rates in the Galactic
Center.
• In G+0.693, the saturated molecule CH3NH2 appears
to be more abundant than the unsaturated radical CH2NH
whilst the opposite is true in Galactic hot cores. A more
efficient hydrogenation mechanism on dust grains is pro-
posed for G+0.693 than for hot cores in the Galactic disk.
The most likely scenario to explain the large abundance of
unsaturated C2H3CN compared with that of the saturated
C2H5CN is ion-molecule gas phase chemistry fostered by an
enhanced cosmic ray flux.
• Comparison of the abundance ratio of peptide-like (-
CNO group) species across multiple environments shows
large differences, which supports the previous claim in
Requena-Torres et al. (2008) of a different grain mantle com-
position due to a different chemical evolution of the grain
mantles in the GC with respect to the Galactic disk.
• Remarkable consistences between the molecular abun-
dance measured in G+0.693 and in the shocked region
L1157-B1 (e.g. CH3CN, HC5N, HNCO and NH2CHO) are
found. This emphasises the idea that a large fraction of the
ices from dust grains has been injected into the gas phase
via grain sputtering in widespread low-velocity shock waves.
It has been proposed that G+0.693 is located between
two streams of molecular gas that seem to be merging
(Hasegawa et al. 1994; Henshaw et al. 2016). This may yield
a cloud-cloud collision that drives large-scale, low-velocity
shocks in the region, and which ultimately sputters dust
grains icy mantles efficiently. This QGMC indeed shows the
highest abundances of HNCO in the sample of Mart´ın et al.
(2008, source SgrB2M offset 20”,100” in that paper), sup-
porting the idea that this source is mainly dominated by
low-velocity shock. This would also explain the similarity
in the abundances of N-bearing species measured toward
G+0.693 and L1157-B1 (see Section 4.1). Some of the de-
rived abundance ratios (such as e.g. HC5N : HC7N, and the
high abundance of C2H3CN) indicate that energetic process-
ing by e.g. X-rays and/or cosmic rays may strongly affect the
gas phase chemistry of this cloud owing to its location in the
CMZ.
5 CONCLUSIONS
Using the GBT and IRAM 30 m telescopes, we performed
an unbiased spectral line survey toward the GC QGMC
G+0.693. The survey covers partially the 1cm and 1mm
spectral window, and fully the 2mm, and 3mm atmospheric
windows. We explore the chemical richness in terms of pres-
ence and abundance of N-bearing species in the GC QGMC
G+0.693. In this study, we have reported 17 clear detec-
tions and 2 tentative detections of N-bearing species. These
species show very high abundances relative to H2, ranging
from 10−11 to 10−8. The comparison across various galac-
tic environments allow us to constrain possible mechanisms
responsible for the unique chemistry observed in G+0.693:
grain sputtering by widespread low-velocity shocks is by
far the most promising mechanism to activate the chem-
istry in this source. However, energetic processing by ei-
ther X-rays and/or cosmic rays needs to be invoked in order
to explain some of the observed abundance ratios between
molecules within the same family. Partial contribution from
gas-phase chemistry cannot be ruled out either for some par-
ticular cases. The comparison of the measured molecular
abundance in G+0.693 with those derived in extragalactic
sources, shows that G+0.693 is an excellent template where
to elucidate the chemical complexity expected in future ex-
tragalactic surveys done with ALMA.
Although the current data have highlighted an ex-
tremely rich organic inventory in G+0.69 with abundant
amounts of complex N-bearing species, making it to be one
of the the largest organic species repository in the CMZ, the
nature of this source has not yet been unveiled in detail.
Interferometric maps are urged to establish the morphology
and small-scale physical structure and thus understand fun-
damentally the chemical stratification in this source. New
observations with greater sensitivity and higher angular res-
olution, as well as more laboratory experiments and theoret-
ical models, are crucial to investigate further the origin of
COMs not only in G+0.693 but also in extragalactic sources.
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APPENDIX A: MOLECULAR SPECTROSCOPY
A1 Methyl cyanide CH3CN
CH3CN is a strongly prolate symmetric tops molecule,
whose rotational energy levels can be described by total an-
gular momentum, J, and its projection along the symmetry
axis, K. The permitted radiative transitions according to
the selection rules are only within K ladders i.e. ∆K = 0.
Therefore, successive K-components of a particular J → (J
- 1) transition are expected to be present simultaneously in
a narrow frequency band. In addition, the presence of the
identical hydrogen nuclei gives rise to two symmetry species,
distinguished by their nuclear spin state, denoted A- and E-
state. Energy levels with K = 3n belong to A-states while
E-states are referred to K , 3n with n≥0 (Boucher et al.
1977; Cazzoli & Puzzarini 2006; Mu¨ller et al. 2009). In gen-
eral, the statistical weight between A- and E-states are 2:1.
However, if both states are formed in equilibrium conditions,
the abundance ratios is expected to be 1 (Minh et al. 1993).
A2 Cyanomethyl radical H2CCN and cyamamide
NH2CN
The radical CH2CN is the simplest cyanide derivative of the
methyl radical, CH3. It has two interchangeable hydrogen
nuclei with non-zero spin which dictate the existence of an
ortho-para symmetry. The same occurs in the NCN-frame
contained molecule, NH2CN. For both species, the quantum
number Ka is even for ortho levels and odd for para levels.
The statistical weight of ortho : para is 3 : 1 due to their
nuclear spin degeneracies, this means transitions of ortho
levels would be three times stronger than equivalent tran-
sition of the para form (Millen et al. 1962; Flower & Watt
1984; Takakuwa et al. 2001).
A3 Methanimine CH2NH, vinl cyanide C2H3CN,
ethyl cyanide C2H5CN, isocyanic acid HNCO,
formamide NH2HO, and methylamine
CH3NH2
CH2NH is a near prolate planar asymmetric rotor, where the
components of the electric dipole moment are constrained to
lie along the a and b principal axes. This results in two types
of allowed transitions in the rotational spectrum: a-type, in
which the Ka (prolate) quantum number does not change
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and the Kb (oblate) quantum number changes by one unit
(i.e. ∆Ka=0, ∆Kb=±1), and b-type, in which both Ka and
Kc change by one unit (i.e. ∆Ka=±1, ∆Kb=±1), (Kirchhoff
et al. 1973; Dore et al. 2010, 2012).
C2H3CN and C2H5CN are planar asymmetric rotors
with a- and b-type transitions allowed in the rotational spec-
trum (Neill et al. 2014). All transitions detected in G+0.693
are stronger a-type spectra.
HNCO and NH2CHO are simple asymmetric prolate ro-
tors, hence a- and b-type transitions are allowed. For HNCO,
only a-type transitions within the Ka=0 and 1 ladders are
detected. For NH2CHO, a-type transitions are observed from
each Ka ladder up to Ka=3 whilst only Ka=0 and 1 ladders
are observed in b-type transitions.
CH3NH2 is a near-prolate asymmetric top molecule,
whose a- and b-type transitions are allowed. In this case,
both a-type and b-type transitions within the Ka=0 and 1
ladders are detected.
APPENDIX B: SPECTRA OF DETECTED
MOLECULES
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure B1. C3N detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red. The
vertical dotted lines correspond to the central velocity of the G+0.693 cloud. Note that other fitted lines that are not aligned with the
dotted lines are arose from other species.
Figure B2. H13CCCN detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red. The
vertical dotted lines correspond to the central velocity of the G+0.693 cloud. Note that other fitted lines that are not aligned with the
dotted lines are arose from other species.
Figure B3. HCCNC detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red. The
vertical dotted lines correspond to the central velocity of the G+0.693 cloud. Note that other fitted lines that are not aligned with the
dotted lines are arose from other species.
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Figure B4. HC5N detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red. The
vertical dotted lines correspond to the central velocity of the G+0.693 cloud. Note that other fitted lines that are not aligned with the
dotted lines are arose from other species.
Figure B5. HC7N detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red. The
vertical dotted lines correspond to the central velocity of the G+0.693 cloud. Note that other fitted lines that are not aligned with the
dotted lines are arose from other species.
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Figure B6. CH2CN detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red. For
ortho-CH2CN, the two vertical dotted lines indicate the nearby hyperfine structure components. Whilst for para-Ch2CN, the vertical
dotted lines correspond to the central velocity of the G+0.693 cloud. Note that other fitted lines that are not aligned with the dotted
lines are arose from other species.
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Figure B7. CH3CN detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red. Each
panel from top to bottom, from left to right presents the detected K-ladder for J=5→4, J=6→5, J=7→6, J=8→7, J=9→8, J=14→13,
and J=15→14 transitions respectively. The vertical dotted lines indicate detected each K-transition within the same J-transition. Note
that other fitted lines that are not aligned with the dotted lines are arose from other species.
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Figure B8. C2H3CN detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red. The
vertical dotted lines correspond to the central velocity of the G+0.693 cloud. Note that other fitted lines that are not aligned with the
dotted lines are arose from other species.
Figure B9. C2H5CN detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red. The
vertical dotted lines correspond to the central velocity of the G+0.693 cloud. Note that other fitted lines that are not aligned with the
dotted lines are arose from other species.
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Figure B10. NH2CN detected lines (black histogram spectra).The LTE best fits from MADCUBA are also shown overlaid in red. The
vertical dotted lines correspond to the central velocity of the G+0.693 cloud. Note that other fitted lines that are not aligned with the
dotted lines are arose from other species.
Figure B11. CH2NH detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red. The
vertical dotted lines correspond to the central velocity of the G+0.693 cloud. Note that other fitted lines that are not aligned with the
dotted lines are arose from other species.
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Figure B12. CH3NH2 detected lines (black histogram spectra).The LTE best fits from MADCUBA are also shown overlaid in red.
Top panel present the blended hyperfine splittings of J=2→1 and J=3→2 transition. The bottom panel presents resolved hyperfine
components of J=4→3 transition.
Figure B13. NO detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red. Dotted
lines indicate the detected hyperfine components of each transition.
Figure B14. HNCO detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red. The
vertical dotted lines correspond to the central velocity of the G+0.693 cloud.
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Figure B15. HOCN detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red. The
vertical dotted lines correspond to the central velocity of the G+0.693 cloud. Note that other fitted lines that are not aligned with the
dotted lines are arose from other species.
Figure B16. NH2CHO detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red.
The vertical dotted lines correspond to the central velocity of the G+0.693 cloud. Note that other fitted lines that are not aligned with
the dotted lines are arose from other species.
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Figure B17. CH3NCO detected lines (black histogram spectra). The LTE best fits from MADCUBA are also shown overlaid in red.
The vertical dotted lines correspond to the central velocity of the G+0.693 cloud. Note that other fitted lines that are not aligned with
the dotted lines are arose from other species.
MNRAS 000, 1–16 (2018)
